Bone morphogenetic proteins (BMPs) have been shown to influence the regulation of FSH synthesis and secretion at the level of the pituitary. Primary pituitary cells were harvested and cultured from Booroola ewes homozygous for a mutation in activin receptor-like kinase 6 (ALK6) also known as BMP receptor IB (BMPRIB), and from wild-type (WT) ewes to determine if the mutation caused alterations in FSH secretion in vitro. The cells were collected 24 h following induction of luteolysis and cultured for 72 h prior to being challenged for 24 h with BMP2, BMP4, BMP6, growth and differentiation factor-9 (GDF9), transforming growth factor-b 1, activin-A and GnRH. The levels of FSH and LH were measured by RIA and then compared with the untreated controls. Primary pituitary cell cultures from Booroola ewes secreted less FSH than WT cells in the presence of BMP2, BMP4 and BMP6. These BMPs did not affect the FSH stores within the cells, or the levels of LH released. GDF9 appeared to act in a BMPlike manner by suppressing FSH secretion. The ALK6 receptor however, was not found to co-localise with gonadotroph cells in either Booroola or WT pituitary tissues. These findings imply that the increased sensitivity of Booroola cells to BMP2, BMP4, BMP6 and GDF9 cannot be due to the direct action of the ALK6 mutant Booroola receptor in the cells that synthesise FSH.
Introduction
Bone morphogenetic proteins (BMP) have emerged as important regulators of ovarian physiology and fertility. There have been a number of sheep breeds with altered fecundity that have been identified with genetic mutations in BMP15 and growth and differentiation factor-9 (GDF9) and the related receptor activin receptor-like kinase 6 (ALK6; BMP receptor type IB, BMPRIB; McNatty et al. 2005) . Studies have revealed that the high prolificacy identified in Booroola ewes is the result of a mutation in the gene encoding ALK6 also known as BMPRIB (Mulsant et al. 2001 , Souza et al. 2001 , Wilson et al. 2001 . The ALK6 mutation (Q249R) is located in the highly conserved intracellular kinase signalling domain of the receptor. The identification of ALK6 and the related BMP15 and GDF9 mutations in prolific sheep suggests a pivotal role of ligands of the transforming growth factor-b (TGFb) superfamily in the regulation and control of follicular growth as well as of ovulation rate. The growth factors BMP6, BMP15 and GDF9 are produced by the oocyte (McNatty et al. 2005) , whereas the types IA, type IB and type II BMP receptors are present in both oocytes and somatic cells of ovarian follicles (Souza et al. 2002) as well as in the pituitary gland of sheep (Faure et al. 2005) . Of those sheep lines with high fecundity, the ALK6 mutation in Booroola sheep causes one of the largest positive effects on ovulation rate (Davis 2004) .
Follicle-stimulating hormone (FSH) is an essential factor in the regulation of follicular development. Booroola sheep have been studied widely investigating the concentrations of FSH in plasma in different flocks across the globe. Two key studies revealed that New Zealand-derived homozygous mutant Booroola Merinos have higher plasma FSH concentrations than WT ewes with the plasma concentrations in heterozygous mutants being intermediate. The first study determined concentrations of FSH and luteinising hormone (LH) in ovary-intact ewes (McNatty et al. 1987) , followed by a subsequent comparison in ovariectomised homozygous Booroola (BB) and non-carrier ewes (McNatty et al. 1989) . In these flocks, the evidence was that the fecundity gene (FecB) influenced the plasma concentrations of FSH (McNatty et al. 1991a , Montgomery et al. 1992 . The plasma concentrations of FSH were found to be consistently higher in the homozygous Booroola ewes compared with the wild-type (WT) ewes throughout the oestrous cycle, anoestrus and after ovariectomy. They were also found to be higher in ovariectomised or ovary-intact ewes treated with gonadotrophin-releasing hormone (GnRH) following hypothalamic-pituitary disconnection (HPD; McNatty et al. 1987 McNatty et al. , 1989 McNatty et al. , 1991a McNatty et al. , 1993 . When HPD or Deslorelin-treated (GnRH agonist) homozygous ALK6 (BB) and WTewes were administered identical doses of FSH, the ovulation rate and plasma concentrations of FSH in those animals which ovulated was the same in both genotypes (Hudson et al. 1999) . They demonstrated that in both BB and WT ewes, higher ovulation rates were observed as the FSH dose increased. This suggested that the higher mean ovulation rate in BB ewes compared with the WT genotype was due to effects of the FecB gene acting on both the ovarian follicles and on the secretion of FSH from the pituitary gland. However, the increased concentrations of circulating FSH observed in New Zealand flocks have not been observed in Booroola flocks in other parts of the world (Driancourt et al. 1991 , Souza et al. 1997 . Since the Booroolas in the New Zealand studies were often selected on the basis of exceptionally high ovulation rates (e.g. R7), the possibility arises that these animals had another 'gene' influencing ovulation rate in addition to the ALK6 mutation.
Certain members of the TGFb superfamily are known to regulate FSH production, with activins being the potent stimulators of FSH secretion (Carroll et al. 1991a ,b, Weiss et al. 1992 . Presently, many of the BMPs are now being implicated in modulating FSH levels. For example, BMP6 and BMP7 stimulate FSHb expression in rodent pituitary cells (Huang et al. 2001 ) and a selective and specific role of BMP15 in regulating FSH production was reported in LbT2 cells (Otsuka & Shimasaki 2002) . In addition, BMP4 has been shown to inhibit FSH secretion from sheep pituitary cultures (Faure et al. 2005) . Taken together, these studies demonstrate that a functional BMP system is present in the pituitary gland. However, it is not clear whether the ALK6 mutation in Booroola sheep affects the level of BMP ligand action on pituitary FSH secretion directly or indirectly.
As BMP2, BMP4, BMP6, BMP7 and GDF9, as well as BMPRIA and ALK6 (BMPRIB), and BMPRII mRNAs are found in sheep pituitary tissue (Faure et al. 2005; unpublished results) , and gonadotrophs were shown to express BMPRII and BMPRIA, but not ALK6 (Faure et al. 2005) , the possibility exists that the exposure of pituitary gonadotrophs to certain TGFb family members may result in differing FSH concentrations between BB and WT ewes.
In the present study, we investigated whether isolated primary pituitary cell cultures from Booroola Merino ewes produce altered concentrations of FSH compared with cells from WT sheep when challenged with various TGFb family ligands.
Materials and Methods

Reagents
The cell culture reagents used were Dulbecco's modified Eagle's medium (DMEM) and Hanks balanced salt solution (HBSS) from Invitrogen. Penicillin and streptomycin, MEM non-essential amino acids, trypsin, L-glutamine, fetal calf serum (FCS) and horse serum were also purchased from Invitrogen. Protease inhibitors were sourced from Roche Applied Science. Human recombinant activin-A, BMP2, BMP4, BMP6 and TGFb1 were obtained from R & D Systems through Pharmaco, Auckland, New Zealand. GnRH was purchased from Sigma-Aldrich New Zealand Ltd, and GDF-9 and its control medium were produced as described previously (McNatty et al. 2005) . The prostaglandin F2-a analogue, Estrumate (active ingredient is Chloprostenol 250 mg/ml) was sourced from SVS Veterinary Supplies, Christchurch, New Zealand.
Animals
The experimental procedures reported in this study were carried out after approval had been granted by the Animal Ethics Committee of the AgResearch Invermay Agricultural Research Centre. The genotypes compared were the highly prolific homozygous Booroola carrier ewe and the noncarrier with a low prolificacy. These animals (3-7 years of age) were from the AgResearch Invermay Booroola flock. The ewes had ovulation rates measured by laparoscopy during their lifetime to confirm the genotypic differences were observed phenotypically. For cell cultures, pituitary glands were recovered from ewes either homozygous for the Booroola gene (nZ19) or non-carrier (nZ20) ewes. The animals were weighed prior to killing. The pituitaries were recovered during the follicular phase of the oestrous cycle.
Two doses of Estrumate, 0 . 6 ml, were administered intramuscularly 9 days apart. The pituitaries were recovered w24 h after the second treatment (follicular phase). Due to the large number of animals utilised in this study, the animals were killed in groups of two to three of each genotype over a period of 7 weeks during the months of May and June during the breeding season.
Pituitary tissues were harvested for immunohistochemical analyses during the following breeding season. Homozygous Booroola (nZ8) and WT (nZ8) ewes (aged 3-7 years) were administered with Estrumate in the same manner as described previously. To allow the collection of pituitaries in the mid-luteal and follicular phases of the oestrous cycle, pituitary glands were collected 10 days after the second treatment and at 36 h post a third treatment respectively. Oestrus was confirmed in ewes following the second injection of Estrumate using a vasectomised ram fitted with a marking harness.
Pituitary cell cultures
Pituitary glands were harvested from two to three animals of each genotype (BB or WT), each week for 7 weeks. The pituitary glands were placed in ice-cold HBSS supplemented with 1% FCS, penicillin (100 units/ml) and streptomycin (100 mg/ml). On returning to the laboratory, all extraneous material was removed under a dissection microscope and the gland itself weighed. The tissue was dissociated mechanically with a scalpel, placed in PBS supplemented with 1% trypsin and incubated at 4 8C for 4 h. The tissue was then placed in a 37 8C shaking water bath for 20 min, and the supernatant containing cells was removed. A further 4 ml aliquot of PBS supplemented with 1% trypsin was added to the tissue and incubated again in the 37 8C water bath. This was repeated four times (total of 80 min at 37 8C). Each cell supernatant was added to culture medium (DMEM supplemented with 5% FCS, 5% horse serum, penicillin 100 units/ml, streptomycin 100 mg/ml, 0 . 03% L-glutamine and 1% essential amino acids) and centrifuged at 100 g for 10 min. The medium was removed, the cell pellet dispersed and thereafter pre-warmed culture medium added.
On completion of the enzymatic incubations, cells from each genotype were pooled (pituitary cells from two to three animals per pool), counted and plated in 48-well plates at 1!10 5 cells/well in 500 ml culture media. The cells were allowed to attach for 72 h and the media was then removed and replaced with culture medium supplemented with test ligands at different concentrations (see Results). Each ligand concentration was replicated in eight different wells. After 24 h, the media was removed and stored at K20 8C for FSH and LH RIA. Additionally, the plates containing the cells were also frozen at K20 8C to assay for intracellular FSH content. The ligands tested included activin A, BMP2, BMP4, BMP6, TGFb1 and GDF9. GnRH was included as a positive control. The test ligands were selected based on experiments previously carried out within our group showing their presence in ovine pituitary tissues. The three BMPs were known to activate the Smad 1/5/8 pathway and TGFb1, GDF9 and activin the Smad 2/3 pathway, were included to allow comparisons between ligands activating the different Smad pathways. The culture time of 24 h was chosen after preliminary cultures in our laboratory, and published results (Faure et al. 2005) indicated that effects of BMPs could be observed within 24 h, albeit the effects were more pronounced at 72 h (Faure et al. 2005 ). The earlier time point was chosen to reduce the potential feedback mechanisms or influences of unknown cell-secreted factors in the culture environment.
FSH stored within cells was extracted by the addition of 100 ml of 100 nM sodium carbonate solution (containing 1! complete protease inhibitors, Roche) to each well. The plates were incubated at room temperature for 1 h, and three cycles of rapid freeze-thaw were carried out. The lysates were centrifuged at 12 000 g for 5 min, and the supernatant collected and stored at K20 8C for RIA. Two replicate wells for each treatment were lysed, and duplicate assays were carried out on each of the supernatants collected.
Measurement of FSH and LH
The concentrations of LH and FSH were determined by RIA using reagents supplied by the National Hormone and Pituitary Programme (NIADDK, NIAMDD; Bethesda, MD, USA) as described previously (McLeod et al. 1997 ). The reference preparation and iodinated tracer for the LH RIA used highly purified ovine LH (CY1085 (biopotency of 3 . 45! NIH-LH-Sl)), and the FSH RIA reference preparation was USDA-oFSH-19-SIAFP-RP-2. In this study, the limit of sensitivity was calculated as two S.D. from the B0 (zero bound) upper limit of the standard curve (Chard 1995). The sensitivity of the FSH RIA was 0 . 49 ng/ml and the intra-and inter-assay coefficients of variance were calculated from the quality control samples to be !15%.
The sensitivity of the LH RIA was 0 . 26 ng/ml and the intraand inter-assay coefficients of variation were !15%.
The meanGS.E.M. concentration of the secreted FSH in untreated BB cultures was 17 . 5G1 . 9 ng/ml and this was not different to that observed in WT cultures (14 . 8G0 . 8 ng/ml).
The meanGS.E.M. concentration of FSH present in cell lysates from untreated BB cells was 5 . 0G0 . 8 ng/ml of FSH produced from 100 000 cells plated in each well at the start of the culture period, which was not significantly different from that in WT cells (3 . 8G0 . 4 ng/ml). The meanGS.E.M.
concentration of LH secreted from untreated cells was not different between genotypes (64 . 2G6 . 6 ng/ml in BB and 60 . 4G5 . 4 ng/ml in WT). The concentrations of hormones overall from cultures were not significantly different between BB and WT genotypes.
Immunohistochemistry
Sheep pituitary glands were fixed in Bouins fluid (750 ml saturated picric acid solution, 250 ml formaldehyde and 50 ml glacial acetic acid) overnight and then rinsed in several changes of 70% ethanol for a period of not !5 days and not more than 10 days, before being dehydrated and embedded in paraffin wax. Sections (5 mm thick) were dewaxed in xylene and rehydrated in decreasing concentrations of alcohol (100, 90 and 75%). Slides were washed twice for 5 min in PBS (Sigma-Aldrich) and then a combined avidin-biotin block was performed according to the manufacturer's instructions (Vector Laboratories, Peterborough, UK).
For ALK6 detection, the sections were incubated at 4 8C overnight with polyclonal rabbit anti-ALK6 (kindly provided by Dr C Heldin, Ludwig Centre for Cancer Research, Uppsala) diluted 1:50 in PBS containing 20% normal goat serum (Autogen bioclear LTD, Wiltshire, UK) and 5% BSA (Roche; PBS/NGS/BSA). Negative controls were performed by replacing the first antibody with PBS/NGS/BSA. Sections were washed for 5 minutes twice in PBS, then the slides were incubated in goat anti-rabbit Alexa 488 (Molecular Probes, Eugene, OR, USA) diluted at 1:200 in PBS for 1 h. After two 5-minute washes in PBS, the slides were blocked in PBS/NGS/BSA for 30 min. Sections were then incubated at 4 8C overnight with either mouse monoclonal antibody directed against LH (1:2000; Dr J Roser, Univ. California, Davis) or FSH (1:75; Abcam, Cambridge, UK) diluted in PBS/NGS/BSA. Negative controls were performed by replacing the antibody with normal goat serum. After two washes in PBS, slides were incubated with goat anti-mouse Alexa 546 (Molecular Probes) diluted at 1:200 in PBS/NGS/BSA and washed again twice in PBS.
For BMPRII detection, the same procedure as just described was carried out with the addition of antigen retrieval procedures and alternate antibodies substituted where applicable. Antigen retrieval was performed by steaming the sections in a pressure cooker in citrate buffer (0 . 01 M; pH 6 . 0) for 5 min and then cooling for 20 min. The first antibody utilised was rabbit anti-BMPRII (Dr C Heldin, Ludwig Centre for Cancer Research, Uppsala) diluted 1:50 in PBS/NGS/BSA and incubated O/N at 4 8C. This was detected by goat anti-rabbit Alexa (Molecular Probes) 488 diluted 1:200 in PBS for 1 h. The second antibody was a mouse monoclonal directed against FSH (Abcam) diluted in PBS/NGS/BSA at 1:75. This was detected by goat antimouse Alexa (Molecular Probes) 546 at 1:200 in PBS for 1 h.
All sections were counterstained for 2 min with TopRo Blue (Invitrogen) at 1:2000 for 2 min. The slides were examined using LSM 510 Zeiss confocal microscope. Duplicate slides were analysed for each animal. In ALK6 incubations, the same animals were analysed for both FSH and LH, four of each genotype at each phase of the oestrous cycle (total nZ8 for each genotype). For BMPRII, one slide from the follicular phase was examined from four Booroola and four WT animals. ALK6 was examined more thoroughly across the cycle as the investigation was focused on the Booroola ALK6 mutation. Each slide contained two sections from which four fields were examined at random for each section.
Statistical analysis
Live weights of ewes and of wet tissue as well as ovulation rate data were each averaged and a S.D. calculated. A two-tailed t-test with unequal variances was performed to calculate levels of significance.
The RIA data were analysed using mixed model methods (using PROC MIXED of SAS), which make optimal use of differing amounts of replication at any level, using residual maximum likelihood (Patterson & Thompson 1971) . The levels were the duplicate assays from the same well, the wells containing repeats of the same ligand treatment and a combination of the pool of animals with the ligand at a particular concentration. These were fitted as nested random effects, i.e. duplicate was nested within well, and well was nested within animal pool-ligand concentration. In addition, the week of the experiment (equivalent to the pool of cells for each genotype) was fitted as an additional random effect. The fixed effects were the ligand (including controls), the concentration within each different ligand and the Booroola genotype effect, which was allowed to vary according to the ligand and its concentration (i.e. the genotype effect was fitted for each combination of ligand and concentration). Residual plots indicated that a log transformation was appropriate for these data. Random effects with zero variance components were dropped from the model, and the other components were re-estimated. Sub-hypotheses were tested by constructing appropriate contrasts. The estimated treatment means are plotted relative to their control (i.e. as percentage of control) along with bars indicating one S.E.M., i.e. the mean times the standard error of the ratio (SER). As the SERs are close to one (all are !1 . 11), an w95% confidence interval for the treatment mean as a percentage of control is obtained as double this bar height extended above and below the estimated mean.
Immunohistochemistry data were analysed by totalling the number of cells stained across each analysis and calculating the proportion (and its S.E.M.) stained for each protein.
Results
Ovulation rates, live weights and wet pituitary weights of animals
To confirm the ewes were either high and low ovulating animals for each of the genotypes, laparoscopies were carried out over a 1-to 5-year period. The meanGS.E.M. ovulation rate of homozygous Booroola ewes was 5 . 2G0 . 2, whereas that in WT ewes was 1 . 9G0 . 1 (P!0 . 0001). Furthermore, each animal was confirmed as a homozygous carrier or noncarrier by the genetic marker test (Wilson et al. 2001) .
The meanGS.E.M. weights for the pituitary glands from the homozygous carriers and non-carriers were 0 . 85 g G0 . 05 and 1 . 21 g G0 . 09 respectively; these means were significantly different (P!0 . 01). The mean live weights recorded for the homozygous carriers and non-carriers were 54 . 2 kg G1 . 3 and 58 . 2 kg G1 . 0 respectively (P!0 . 05).
Effects of BMPs on pituitary cell gonadotrophin levels
To investigate the influence of the ALK6 Booroola mutation, isolated pituitary cells were challenged with BMP2, BMP4 and BMP6. The aim was to activate the post-receptor signal cascade specifically to test the effect of the ALK6 mutation on FSH secretion from gonadotroph cells. Treatment with GnRH was included as a positive control. As expected, GnRH (10, 100 and 1000 ng/ml) stimulated FSH release when compared with untreated cells in both genotypes (Fig. 1) . No genotype effects were observed when GnRH was present. BMP2 consistently suppressed FSH release in cells from the homozygous carriers of the ALK6 mutation (BB) at all concentrations (29-31%; P!0 . 001; Fig. 1 ). However, suppression was only observed in WT cells at 10 ng/ml BMP2 (22%; P!0 . 01). The concentration of FSH in BB cell culture media was lower than in WT cell culture media at 100 and 1000 ng/ml (P!0 . 05).
BMP4 consistently suppressed FSH release from BB cells (up to 38%; P!0 . 001). The amount of FSH released from WT cells did not differ significantly from that in untreated cells, although it appeared that a slight suppression occurred (14%). Genotype differences were observed between BB and WT cells at all concentrations of BMP4 tested (i.e. at 10 ng/ml P!0 . 01, 100 and 1000 ng/ml both P!0 . 05).
BMP6 suppressed FSH release in BB cells by 22% at 10 ng/ml and 35% at 1000 ng/ml (P!0 . 01 and P!0 . 001 respectively). Suppression was also observed in WT cells at 1000 ng/ml (24%; P!0 . 01). A significant difference between genotypes was noted at 10 ng/ml BMP6 (P!0 . 05), but this was not consistently observed across all doses. There was a significant dose-dependent inhibitory trend in the pituitary cell release of FSH over the three concentrations of BMP6 in cell cultures from WT (P!0 . 01) and BB (P!0 . 05) animals.
The concentration of FSH stored within the cultured cells was also determined. There were no consistent trends in the intracellular levels of FSH either with respect to the genotype or the dose when pituitary cells were challenged with BMP ligands or GnRH (Fig. 2) .
The amounts of LH secreted into the cell culture medium were significantly higher in the presence of GnRH (Fig. 3) . LH secretion was higher at all concentrations of GnRH when compared with the untreated cells (P!0 . 01 for WT and P!0 . 05 for BB). The response to GnRH increased by 20-25% over a tenfold increase in dose (P!0 . 05). There were no significant genotype differences amongst any of the treatments.
None of the BMP ligands tested consistently altered LH secretion at any significant level. The only response reaching significance was 100 ng/ml BMP6 in BB cells.
Effects of activin-A, GDF9 and TGFb1 on pituitary cell secretion of gonadotrophins in vitro
The effects of GDF9 and TGFb1 on gonadotropin secretion from sheep pituitary cells in culture were measured in comparison with responses to activin-A, a known stimulator of FSH synthesis.
In the presence of activin-A, higher FSH output from both BB (100 ng/ml; P!0 . 05) and WT (10-1000 ng/ml; P!0 . 05) pituitary cells was observed (Fig. 4) . The trend in the dose-dependent response from 1 to 100 ng/ml activin-A was highly significant in both the genotypes (both P!0 . 001).
GDF9 treatment resulted in the suppression of FSH release from cells from BB animals at all concentrations (10 ng/ml, P!0 . 01; 100 and 1000 ng/ml, P!0 . 05). However, Figure 1 Dose-response of GnRH, BMP2, BMP4 and BMP6 on FSH release from ewe pituitary cells. Values are the analysed ratios of the treatment when compared with the control for each genotype. Standard errors of significant suppression was not observed from WT cells at any of these concentrations.
The concentration of FSH in the cell lysates was measured after treatment with activin-A, TGFb1 and GDF9 (Fig. 5 ). Activin-A increased the concentration of FSH in cell lysates from both the genotypes (P!0 . 05) at 100 and P!0 . 001) at 1000 ng/ml for both BB and WT, P!0 . 05 at 1 ng/ml in BB, and P!0 . 005 for WT at 10 ng/ml), but there was no significant difference between genotypes. GDF9 appears to have an effect on FSH content in WT cell lysates but not in BB cell lysates with GDF9 stimulating an increased concentration of FSH at low, but not high, doses. The difference between genotype responses was significant (P!0 . 05) at 10 ng/ml GDF9.
The concentrations of LH secreted into the culture media were determined (Fig. 6) . When 100 ng/ml activin was added to BB cultures, a significant (P!0 . 01) increase in the LH secretion was observed. However, there were no consistent effects of activin across the doses (1-1000 ng/ml) tested on the amount of LH secreted in either BB or WT cultures. TGFb1 stimulated LH secretion in BB cultures at 1 ng/ml (P!0 . 05); however, significant increases in the LH secretion
were not observed at any other concentrations of TGFb1. The opposite effect was observed when 10 ng/ml GDF9 was added to BB cultures, which inhibited LH secretion (P!0 . 05). This effect was not significant at any other concentrations of GDF9 in either the BB or WT cultures.
ALK6 does not co-localise with gonadotroph cells
Immunohistochemistry analyses of BB and WT pituitary tissue harvested at follicular or mid-luteal phases of oestrus showed that ALK6 and BMPRII are both present in the pituitary gland (Fig. 7) . A comparison of tissues from each genotype detected no differences between the number of cells stained for ALK6, BMPRII, FSH and LH in the luteal or follicular phases, or between the homozygous carrier when compared with non carrier tissues (Table 1) .
Discussion
BMP2, BMP4 and BMP6 suppressed FSH secretion from cultured pituitary cells from BB ewes. The BMPs acted in a similar manner with WT pituitary cells but the level to which FSH was suppressed was often not significant relative to the untreated controls. These findings are consistent with those of Faure et al. (2005) who showed that BMP4 and BMP6 inhibit FSHb mRNA production as well as FSH release from ovine pituitary cells. However, neutralisation of BMP7 decreased FSH secretion in primary ovine pituitary cells, suggesting a stimulatory role for BMP7 (Huang et al. 2001) . Thus, the different BMPs may differentially regulate FSH secretion in this species. BMP6 and BMP7 were shown to stimulate an oFSHbLuc reporter construct in a rodent pituitary cell line (LbT2) by fourfold. Furthermore, the addition of BMP6 and BMP7 to LbT2 cell cultures increased endogenous FSH secretion 10-14 fold (Huang et al. 2001) . Thus, in rodent pituitary cells, BMP6 and BMP7 appear to function as FSH stimulators. Similarly, BMP15 potently and selectively stimulated FSH, but not LH, secretion in rodent primary pituitary cells (Otsuka & Shimasaki 2002) . These studies confirm that TGFb superfamily members are involved in modulating gonadotropin production in several species. However, it appears that the response to BMPs varies amongst species and family members. GDF9 also inhibited FSH secretion in BB but not in the WT cells. This suggests that GDF9 is acting like a BMP rather than a TGFb, as TGFb1 had no significant effect on FSH secretion in either BB or WT genotypes. GDF9 is expressed in sheep pituitary tissue (Faure et al. 2005) and the present theory is that GDF9 acts through the BMPRII receptor and TGFb type I receptors (Alk5) to activate the Smad 3 pathway (Kaivo-Oja et al. 2005) . BMP2 and BMP4 both bind to BMPRII and ALK3/6 (BMPRIA/B) activating the Smad 1/5/8 pathway, but BMP6 and BMP7 are thought to bind to BMPRII as well as the activin receptors ActRII/IIB and ALK2 (ActRIA) in addition to ALK6 (see Shimasaki et al. 2004 for a review). Thus, it appears that the effects of the TGFb superfamily members are not necessarily consistent when activating either the Smad 1/5/8 or the Smad 2/3 pathway as both positive and negative effects of ligands activating these different pathways have been observed in the same species (current study, Huang et al. 2001 , Miyazawa et al. 2002 , Faure et al. 2005 . Moreover, the actions of the other TGFb superfamily members such as activin and inhibin have opposing effects on FSH production (see Welt et al. 2002 for review) . Given the divergence within the functions of TGFb superfamily members, regulation of FSH secretion appears complex and may involve signalling pathways outside of the Smad signalling molecules.
Concentrations of intracellular FSH were similar in BB and WT cells in the presence of all ligands tested, with the exception of GDF9. Activin-A increased the concentrations of FSH in the cell lysates showing that a functional FSH intracellular storage system exists. A similar increase in intracellular FSH concentrations was observed when WT pituitary cells were treated with GDF9; however, no such effect was observed in the BB pituitary cells. This apparent dichotomy may explain the suppression observed in the concentrations of FSH secreted from BB but not WT pituitary cells treated with GDF9 and suggests the possibility of different regulatory mechanisms controlling the synthesis and release of FSH by TGFb superfamily members. The BMPs did not affect the storage of FSH in pituitary cell cultures from either genotype. Thus, the presence of the ALK6 Booroola mutation did not affect the amount of FSH being stored within the cells, but only the amount being secreted in response to BMP2, BMP4 and BMP6. Given that the BMPs decreased the FSH secretion without a change in the intracellular concentration of FSH, it seems likely that the total amount of FSH produced by the cells was reduced by treatment with BMPs. This is in agreement with the observed suppressive effect of BMPs on FSHb mRNA concentrations and decreased levels of FSH secreted from ovine pituitary cultures (Faure et al. 2005) .
GnRH stimulated LH release in pituitary cells from both genotypes. None of the BMPs, activin, GDF9 or TGFb1 had any consistent effect on the level of LH secreted when compared with the untreated controls. These results show that the cells are capable of responding to ligands, but that only GnRH causes a change in the amount of LH secreted. There was no evidence that the BB cells containing the ALK6 mutation produced differing amounts of LH in response to any of the treatments. This result is not surprising given that activin and inhibin are well-established regulators of FSH, independent of LH (reviewed in (Welt et al. 2002) ). Furthermore, recent research indicates that other members of the TGFb superfamily also appear to consistently regulate FSH secretion independent of LH (Otsuka & Shimasaki 2002 , Faure et al. 2005 .
When the data are analysed across all concentrations of BMP2, BMP4 and BMP6, there is a general trend towards a significant genotype effect in FSH production. The genotype effect indicates that the BMP ligands have a greater inhibitory influence on FSH secretion in pituitary cells from BB when compared with WTanimals over a 24-h culture period. This is likely to be due to the genetic background of the ewes as this was the only known variable between cultures from each genotype BB or WT. The effect of the ALK6 Booroola mutation on its function as a receptor in the BMP cascade is not clear. When analysing the effect of the mutation on activation of the Smad signalling pathway, an increased basal activity was noted along with a failure to respond to BMP ligands (Fabre et al. 2003) . If the overriding effect was an increased basal activity, we would expect that FSH levels would be lower in BB cells than WT cells in an untreated state given that the addition of BMPs to pituitary cell cultures appear to inhibit FSH secretion. However, this was not the case either in vitro or in vivo. If the mutation caused partial inactivation of the receptor we would predict that BMPs would function less efficiently on BB cells when compared with WT. However, this was not observed in the present study. Collectively, it appears that regulation of FSH by members of the TGFb superfamily is complex and likely represents an integration of both positive and negative signals interacting in multiple pathways.
In the present study, BMPs suppressed FSH secretion to a greater extent in BB cells than in WT cells. In a previous study (Faure et al. 2005) , FSH secretion was measured from ovine pituitary cells over 72 h of culture. As time increased, the effects of BMP treatment on suppressing secretion of FSH in WTovine cultures was more pronounced. At 24 h, the difference between BMP4-treated and the control was much smaller than that observed after 72 h in culture. Thus, the failure of the BMPs to induce a statistically significant suppression of FSH in WT cells in the present study is perhaps related to the shorter culture period. The observed suppression of FSH in the BB cultures after 24 h of treatment would indicate that the BB cells were likely more sensitive to BMPs than WT cells.
For the ALK6 receptor mutation to have a direct effect on gonadotroph cell function, it would need to be expressed in gonadotroph cells themselves. In a study carried out on pituitaries from the New Zealand Booroola flock, no differences between BB and WT pituitary tissues in the total number of pituitary cells, pituitary volume or diameter, or the numbers of FSH-or LH-containing cells were observed (Heath et al. 1996) . Immunohistochemical studies did not show the presence of ALK6 on gonadotroph cells of pituitary tissue from sheep not carrying the ALK6 Booroola mutation (Faure et al. 2005) . This result was confirmed in our study. Moreover, no differences were observed between BB and WT pituitary tissue during either the follicular or the mid-luteal phase of the oestrous cycle. Taken together, this would indicate that the genotype effect observed cannot be due to the direct action of the mutant Booroola ALK6 receptor in the cells synthesising FSH, but that the sensitivity of BB cells to BMPs appears enhanced when compared with WT cells. BMPs may potentially act through the type IA BMP receptor (ALK3), which has been shown to be expressed in ovine gonadotroph cells (Faure et al. 2005) . Differential expression of this receptor between BB and WT sheep potentially could be involved in the observed increased sensitivity to BMPs observed in BB pituitary cells.
The physiological mechanisms underlying the increased concentrations of FSH observed in vivo in New Zealand BB ewes remain unclear. However, given that gonadotrophs do not contain ALK6 and pituitary cells from BB ewes were more sensitive to the suppressive effects of BMPs then WT ewes, it seems difficult to see how the mutation in ALK6 would increase the FSH concentrations in the New Zealand Booroola flock. Potentially, the mutation in ALK6 might alter the interactions of BMPs with other factors regulating FSH secretion in vivo that were not duplicated in vitro. One such factor might be GnRH; however, to our knowledge, little is known regarding the interaction of GnRH and BMPs and thus how these interactions might regulate FSH secretion in vivo is unknown.
As mentioned earlier, it remains uncertain whether the higher FSH concentrations are specifically related to the Booroola mutation or are the consequence of another genetic effect, which was co-inherited when Booroola carrier ewes were selected on the basis of the high ovulation rates before genetic markers were available. This interpretation is based on the reports which show that Booroola sheep have not always showed consistent differences in plasma FSH concentrations or in pituitary FSH secretion (Driancourt et al. 1991 , McNatty et al. 1991a ,b, Souza et al. 1997 , Montgomery et al. 2001 , Campbell et al. 2003 . Additionally, the possibility of a second mutation being present in the New Zealand Booroola flock has been raised (Farquhar et al. 2006) . In this report, the ovulation rates show increases of 0 . 15 ovulations per year in the homozygous mutant Booroola animals when compared with 0 . 04 per year in high-prolificacy Romney, Coopworth and Perendale flocks selected solely on ovulation rate. Thus, the differing effects of members of the TGFb superfamily on FSH secretion in BB pituitary cells and/or the increased concentrations of FSH in vivo could potentially be unrelated to the mutation in ALK6.
In conclusion, under in vitro conditions no differences were noted between BB and WT pituitary cells in their ability to stimulate FSH secretion in response to GnRH, BMP2, BMP4, BMP6 and GDF9, but not TGFb1; all tended to suppress FSH release from ovine pituitary cells in vitro. BMPs were without effect on LH secretion or FSH storage. The inhibitory effect of BMPs and GDF9 on FSH secretion was significantly greater in pituitary cells harvested from homozygous carriers of the ALK6 mutation when compared with non-carrier animals.
